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$EVWUDFW +LJKSRZHU FRQYHUWHUV IRU KLJKYROWDJH GLUHFW FXUUHQW WUDQVPLVVLRQ V\VWHPV DQG FROOHFWLQJ QHWZRUNV DUH DWWUDFWLQJ












(XURSHDQ VHFWRU ZLWK WRWDO FDSDFLW\ RI ∼(팀G: ,Q  WKH
DOORFDWHG LQYHVWPHQW IRU RIIVKRUH ZLQG IDUP SURMHFWV H[FHHGHG
EQ >@2IIVKRUHZLQG IDUPVDUHSUHIHUUHGRYHURQVKRUH IDUPV
IRU PDQ\ UHDVRQV LQFOXGLQJ LQFUHDVHG SRZHU FDSDELOLW\ ORZHU
HQYLURQPHQWDOLPSDFWDQGWKHDELOLW\WRLQVWDOOODUJHUZLQGWXUELQHV
> @ 7KHUHIRUH LW LV H[SHFWHG WKDW RIIVKRUH IDUPV ZLOO IRUP
DSSUR[LPDWHO\ RQHWKLUG RI WKH WRWDO JHQHUDWHG ZLQG SRZHU LQ WKH
QHDUIXWXUH>@7KXVWKHLQWHUQDWLRQDOWUHQGWRZDUGVRIIVKRUHZLQG
IDUPV QHFHVVLWDWHV ORQJ GLVWDQFH DQG ODUJH WUDQVPLVVLRQ QHWZRUNV
ZLWKKLJKSRZHUUDWLQJV
)RU ZLQG IDUPV ORFDWHG !(팀kP RIIVKRUH DGYDQFHG KLJK
YROWDJHGLUHFWFXUUHQW+9'&WUDQVPLVVLRQV\VWHPVEHFRPHPRUH
SURPLVLQJ 7KLV LV EHFDXVH +9'& V\VWHPV UHTXLUH IHZHU
WUDQVPLVVLRQ OLQHV ZKHQ FRPSDUHG ZLWK $& DUFKLWHFWXUHV LQ
DGGLWLRQ WR WKHLU VWDELOLW\ DQG FRQWUROODELOLW\ >@ 7KH DEVHQFH RI




JULG FRGH FRPSOLDQFH LQFUHDVLQJ WKH SRZHU TXDOLW\ RQVKRUH DQG
GHDOLQJZLWKWKHYROWDJHDQGFXUUHQWXQEDODQFHDWKLJKSRZHUOHYHOV
>@ &RQVLGHUHG DV LPSRUWDQW PHULWV LQ ZHDN JULGV +9'&
WUDQVPLVVLRQ V\VWHPVRIIHU WKH FDSDELOLW\RIEODFN VWDUW DVZHOO DV
WKHDELOLW\WRRSHUDWHDWUHODWLYHO\ORZZLQGVSHHGV>@
3UHVHQWO\ WKH PRVW FRPPRQ FRQILJXUDWLRQ IRU RIIVKRUH ZLQG
IDUPVZLWKDQ+9'&WUDQVPLVVLRQQHWZRUNXVHVDQ$&FROOHFWLRQ
QHWZRUN WR FRQQHFW DOO WKH ZLQG WXUELQHV WR DQ RIIVKRUH $&'&
SODWIRUP>@+RZHYHUWKLVFRQILJXUDWLRQKDVKLJKWRWDOFRVWDQG
VL]HEHFDXVHLWUHTXLUHVDEXON\ORZIUHTXHQF\$&WUDQVIRUPHU)RU
WKLV UHDVRQ UHSODFLQJ WKH $& FROOHFWLRQ QHWZRUN ZLWK D '&
QHWZRUN FDQ DGG DGGLWLRQDO DGYDQWDJHV )LUVW WKH FLUFXODWLQJ
UHDFWLYHFXUUHQWVZLOOEHHOLPLQDWHGDQGKHQFHWKHWRWDOHIILFLHQF\
ZLOO EH LPSURYHG 6HFRQG '& FROOHFWLRQ QHWZRUNV ZLOO RPLW WKH
QHHG IRU WKH OLQHIUHTXHQF\ $& WUDQVIRUPHU DQG KHQFH WKH WRWDO
IRRWSULQW RI WKH V\VWHP FDQ EH UHGXFHG ,Q WKLV SDSHU WKH PDLQ
FKDOOHQJH RI WKLV FRQILJXUDWLRQ ZRXOG EH WKH DELOLW\ WR ERRVW WKH
ZLQG WXUELQH ORZ YROWDJH WR WKH GHVLUHG WUDQVPLVVLRQ OHYHO 7KH
'&'&FRQYHUWHUVSURSRVHGWRDFKLHYHWKLVVKRXOGKDYHDFFHSWDEOH
HIILFLHQF\ DQG RIIHU WKH VDPH UHOLDELOLW\ ZKHQ FRPSDUHG ZLWK WKH
HOLPLQDWHG$&WUDQVIRUPHU>@
0RGXODU '&'& FRQYHUWHUV IRU PHGLXPYROWDJH DSSOLFDWLRQV
KDYH EHHQ GLVFXVVHG H[WHQVLYHO\ LQ WKH OLWHUDWXUH >±@ 'XH WR
WKHLUFDSDELOLW\WRRSHUDWHZLWK]HURYROWDJHVZLWFKLQJSKDVHVKLIW
IXOOEULGJHFRQYHUWHUVDUHZLGHO\XVHGIRUKLJKSRZHUDSSOLFDWLRQV
>@ 0DQ\ FRQILJXUDWLRQV IRU SDUDOOHO DQG VHULHV FRQQHFWLRQ RI




IUDFWLRQ RI WKH WRWDO YROWDJH DQG FXUUHQW DQG KHQFH WKH
VHPLFRQGXFWRU GHYLFHV FDQ RSHUDWH DW UHODWLYHO\ KLJK VZLWFKLQJ
IUHTXHQF\ !(?(팀k+] ,Q DGGLWLRQ WKH WXUQ
V UDWLR RI WKH LVRODWLRQ
WUDQVIRUPHUV FDQ EH UHGXFHG LI WKH FRQYHUWHU RXWSXWV DUH VHULHV
FRQQHFWHG 7KLV OHDGV WR D ORZHU OHDNDJH LQGXFWDQFH LQ HDFK
PRGXOH 7KHVH W\SHV RI '&'& FRQYHUWHU DUH VXLWDEOH IRU ERWK
XQLGLUHFWLRQDO DQG ELGLUHFWLRQDO SRZHU DSSOLFDWLRQV 7UDGLWLRQDOO\
WKH FRQILJXUDWLRQV RI PXOWLPRGXOH '&'& FRQYHUWHUV FDQ EH




KDV EHHQ SUHVHQWHG >@ ZKHUH HDFK SKDVH RI WKH $& V\VWHP LV
FRQQHFWHG WR VHYHUDO VLQJOHSKDVH SRZHU VWDFNV DV VKRZQ LQ
)LJD(DFKVWDFNFRQVLVWVRIDQ$&'&FRQYHUWHUIROORZHGE\DQ
,326'&'&FRQYHUWHUFOXVWHU7KHQ WKHRXWSXWRIHDFKSKDVH LV
FRQQHFWHG LQ VHULHV WR PD[LPLVH WKH RXWSXW '& YROWDJH DQG
FRQVHTXHQWO\ SDUDOOHO RU VHULHV FRQQHFWLRQ RI WKH SRZHU GHYLFHV
ZLOO EH DYRLGHG $FFRUGLQJO\ WKH GHVLJQ RI WKH PRGXODU VLQJOH
SKDVHFRQYHUWHUVZLOOQRWEHFRPSOLFDWHG$OWKRXJKRIIVKRUHZLQG
WXUELQH V\VWHPV UHTXLUH XQLGLUHFWLRQDO SRZHU IORZ WKLV










YROWDJH ULSSOHV LQ WKH SDVVLYH FRPSRQHQWV FDQ EH UHGXFHG
VLJQLILFDQWO\ ZKHQ LQWHUOHDYHG PRGXODWLRQ RI WKH VXEPRGXOHV LV
XVHGOHDGLQJWREHWWHUSHUIRUPDQFH+RZHYHUWKHFRQWUROVWUDWHJ\
RIWKLVFRQILJXUDWLRQVKRXOGDFKLHYHWKUHHPDLQREMHFWLYHV
L &RQWUROOHG SRZHU IORZ EHWZHHQ WKH LQSXW DQG RXWSXW VLGHV
ZKLOHNHHSLQJ WKHFRQYHUWHUVYROWDJHVDQGFXUUHQWVZLWKLQ WKH
DFFHSWDEOHOLPLWV
LL $ IDVW G\QDPLF UHVSRQVH GXULQJ DEQRUPDO RSHUDWLQJ
FRQGLWLRQV
LLL 9ROWDJHDQGFXUUHQWVKDULQJEHWZHHQWKHGLIIHUHQWVXEPRGXOHV
*HQHUDOO\ WZR PDLQ FRQWURO WHFKQLTXHV KDYH EHHQ XVHG IRU
WKHVH W\SHV RI FRQYHUWHUV QDPHO\ IL[HG IUHTXHQF\ DQG YDULDEOH
IUHTXHQF\ WHFKQLTXHV 9DULDEOH IUHTXHQF\ FRQWURO DGGV WR WKH
FRPSOH[LW\RIFRQWUROOHUGHVLJQDVZHOODVFUHDWLQJXQGHVLUHG(0,
FRPSRQHQWV ZKLFK QHFHVVLWDWH LQFUHDVHG ILOWHULQJ >±@
+RZHYHU IL[HG IUHTXHQF\ FRQWURO VXFK DV SKDVHVKLIW FRQWURO
36& > @ DYRLGV WKHVH GLVDGYDQWDJHV DQG RIIHUV EHWWHU
SHUIRUPDQFH HVSHFLDOO\ IRU WKH '&'& FRQYHUWHU SDUW RI WKH
V\VWHP 8VLQJ WKH IL[HG IUHTXHQF\ FRQWURO DSSURDFK WKLV SDSHU
H[SODLQV WKHRSHUDWLRQDQGPRGHOOLQJRI WKHSUHYLRXVO\PHQWLRQHG
,6,326 $&'& FRQYHUWHU IRU PHGLXPYROWDJH DSSOLFDWLRQV ,Q
DGGLWLRQ WKH SDSHU LGHQWLILHV LPSRUWDQW LVVXHV LQ WKH
LPSOHPHQWDWLRQRIFRQWURODOJRULWKPVWRVDWLVI\ERWKVLPSOLFLW\DQG
GHVLUHG SHUIRUPDQFH XVLQJ FODVVLFDO SURSRUWLRQDO(?(?LQWHJUDO 3,
FRQWUROORRSV7KHUHPDLQLQJRIWKLVSDSHULVRUJDQLVHGDVIROORZV
6HFWLRQGHVFULEHVWKHV\VWHPXQGHULQYHVWLJDWLRQDQGH[SODLQVLWV
EDVLF VWUXFWXUH DQG RSHUDWLRQ 6HFWLRQ  GLVFXVVHV WKH FRQWURO
PHWKRGRORJLHVRIWKHV\VWHPIURPWKHSHUVSHFWLYHRIRYHUDOOSRZHU
WUDQVIHUFRQWURODVZHOODVSRZHUVKDULQJFRQWURO,QSRZHUWUDQVIHU
FRQWURO WKH $&'& UHFWLILHUV DQG '&'& FRQYHUWHU PRGXOHV DUH
FRQVLGHUHG DV LI WKHLU VHULHV VHPLFRQGXFWRU VZLWFKHV RSHUDWH
VLPXOWDQHRXVO\DQGDQ\VPDOOYROWDJHDQGFXUUHQWPLVPDWFKHVDUH
QHJOHFWHG ,Q SRZHU VKDULQJ FRQWURO WKH GHFHQWUDOLVHG FRQWUROOHUV
DUH UHVSRQVLEOH IRU HQVXULQJ HTXDO SRZHU VKDULQJ EHWZHHQ WKH
GLIIHUHQWUHFWLILHUVDQGPRGXOHVLQRUGHUWRLPSURYHWKHPRGXODULW\
DQG UHOLDELOLW\ 0$7/$%6,08/,1. VLPXODWLRQV IRU SRZHU
WUDQVIHU DQGSRZHU VKDULQJFRQWUROOHUV DUHSUHVHQWHG LQ6HFWLRQ
6HFWLRQSUHVHQWV WKH H[SHULPHQWDO UHVXOWV RI WKH ,6,326 V\VWHP
ZKHQFRQWUROOHGZLWKD706)'63
௑6\VWHPGHVFULSWLRQ
7KH V\PEROV DQG YDULDEOHV XVHG WR GHVFULEH WKH V\VWHP VKRZQ LQ
)LJ D DUH OLVWHG LQ 7DEOH  DQG WKH RYHUDOO $&'& V\VWHP LV
VKRZQ LQ )LJ E )RU SUDFWLFDO RSHUDWLRQ DW (팀M: DQG D '&








LWV'&'&JURXS LV VKRZQ LQ)LJFZKHUHQDF LV WKHQXPEHURI
UHFWLILHUV SHU SKDVH QGF LV WKH QXPEHU RI '&'& FRQYHUWHUV SHU
UHFWLILHU DQG 1GF LV WKH WRWDO QXPEHU RI '&'& FRQYHUWHUV LQ WKH
V\VWHP)RUWKHGXDODFWLYHEULGJH'$%'&'&FRQYHUWHUFLUFXLW





















2YHUDOO WKH V\VWHP XQGHU LQYHVWLJDWLRQ FDQ EH YLHZHG DV D WZR
VWDJH SRZHU FRQYHUWHU DV VKRZQ LQ )LJ E )RU VXFK D V\VWHP
FRQWUROOHUGHVLJQEHFRPHVFRPSOH[IRUVHYHUDOUHDVRQV7KHRYHUDOO
V\VWHP EDQGZLGWK RI WKH SRZHU WUDQVIHU FRQWUROOHU LV UHVWULFWHG WR
JXDUDQWHH WKDW XQGHVLUHG YROWDJHV DQG FXUUHQWV DW WKH UHVRQDQFH
IUHTXHQFLHVDUHQRWH[FLWHGEHFDXVHRIWKHH[LVWHQFHRIWKHUHVRQDQW
SROHV &RQVHTXHQWO\ WKH G\QDPLFV DQG WUDQVLHQW UHVSRQVH RI WKH
V\VWHP DUH OLPLWHG ,Q DGGLWLRQ RWKHU FRQWURO ORRSV VKRXOG EH
LQVHUWHG WR DVVXUH HTXDO FXUUHQW DQG YROWDJH VKDULQJ EHWZHHQ WKH




 2YHUDOO FRQWUROOHU ZKLFK FRQWUROV WKH SRZHU WUDQVIHU IURP WKH
LQSXW WR WKH RXWSXW VLGHV DQG VHWV WKH RSHUDWLQJ SRLQWV RI WKH
V\VWHP
 0RGXOHEDVHGFRQWUROOHUWRHQVXUHHTXDOSRZHUVKDULQJEHWZHHQ
WKH PRGXOHV DQG WR FDWHU IRU WKH VPDOO PLVPDWFKHV LQ WKH
GLIIHUHQWSRZHUPRGXOHV
7KH IROORZLQJ VXEVHFWLRQV ZLOO GLVFXVV WKH GHVLJQ SURFHVV IRU
WKHVH ORRSV LQ RUGHU WR DFKLHYH FRUUHFW RSHUDWLRQ DFFHSWDEOH
WUDQVLHQWV DQG VXLWDEOH G\QDPLF UHVSRQVH GXULQJ IDXOWV DQG
DEQRUPDOLWLHV DV ZHOO DV WR DFKLHYH FRUUHFW VKDULQJ EHWZHHQ WKH
GLIIHUHQWSRZHUPRGXOHV
2YHUDOOFRQWURO
$VVXPLQJ WKDW DOO WKH SDVVLYH FRPSRQHQWV RI WKH FRQYHUWHUV DUH
LGHQWLFDODQGWKDWDOOFRQYHUWHUVKDYHWKHVDPHGXW\UDWLRDQGJDWH
GULYH VLJQDOV LH DOO WKH VHPLFRQGXFWRU VZLWFKHV DUH VZLWFKHG RQ
DQG RII LQ WKH VDPH WLPH WKH HTXLYDOHQW FLUFXLW RI WKH ,326 '&
FRQYHUWHUZLOOEHDV WKH'$%FLUFXLW VKRZQ LQ)LJDZLWK&(? (?
&GFQGF &(? (?QGF&GF DQG /(? (?/QGF ,Q WKH VDPH ZD\ WKH
HTXLYDOHQW FLUFXLW RI WKH ,626 $& FRQYHUWHU ZLOO EHKDYH DV WKH
FLUFXLW VKRZQ LQ )LJ F ,Q RWKHU ZRUGV WKH VHULHV±SDUDOOHO
FRPELQDWLRQV RI $& DQG '& FRQYHUWHUV DUH YLHZHG DV WZR
FDVFDGHGFRQYHUWHUV$SSHQGL[
 '& FRQYHUWHU FRQWURO 7KH FORVHGORRS EORFN GLDJUDP RI
WKH RYHUDOO '& FRQYHUWHU LV VKRZQ LQ )LJ G WKH DFFRPSDQ\LQJ
PDWKHPDWLFDODQDO\VLVFDQEHIRXQGLQ$SSHQGL[ZKHUH









WZR ZD\V ,Q WKH ILUVW ZD\ WKH SURSRUWLRQDO JDLQ .S LV NHSW
FRQVWDQWDWZKLOHWKHLQWHJUDOJDLQ.L LVFKDQJHGLQWKHUDQJH
RI >@ ,Q WKH VHFRQG ZD\ .L LV FRQVWDQW DW  DQG .S LV
FKDQJHGIURPWR7KHUHVXOWLQJORFLDUHVKRZQLQ)LJVDDQG
E7KHUDQJHVRIWKHJDLQVDUHVHOHFWHGLQLWLDOO\WRNHHSWKHV\VWHP
VWDEOH )URP WKH SUHVHQWHG DQDO\VLV WKH V\VWHP DOZD\V KDV UHDO
SROHV DQG QR RVFLOODWLRQV 7KH FRQWUROOHU JDLQV DUH VHOHFWHG WR EH
.S(? (?DQG.L(? (?WRJLYHDFFHSWDEOHG\QDPLFVDQGSKDVH
PDUJLQ
 $& FRQYHUWHU FRQWURO 8VLQJ WKH VDPH DSSURDFK WKH
HTXLYDOHQW FLUFXLW RI WKH VHULHVFRQQHFWHG $& FRQYHUWHUV FDQ EH







vink k ∈ {a, b, c} SKDVHN$&YROWDJH
iink k ∈ {a, b, c} SKDVHN$&FXUUHQW
vin_kp
k ∈ {a, b, c}




k ∈ {a, b, c}




k ∈ {a, b, c}




k ∈ {a, b, c}
p ∈ {1, 2,…, nac}




k ∈ {a, b, c}
p ∈ {1, 2,…, nac}




k ∈ {a, b, c}
p ∈ {1, 2,…, nac}




k ∈ {a, b, c}
p ∈ {1, 2,…, nac}
j ∈ {1, 2,…, ndc}
$&'&UHFWLILHUQXPEHUSLQSKDVHN
Vo_kp
k ∈ {a, b, c}

















































(TXDO SRZHU VKDULQJ LQVLGH WKH FRQYHUWHU PRGXOHV PD\ EH
GLVWXUEHG GXULQJ QRUPDO RSHUDWLRQ DQG VZLWFKLQJ WUDQVLHQWV
9ROWDJH DQGRU FXUUHQW FRQWURO EDODQFLQJ WHFKQLTXHV VKRXOG EH
HPSOR\HG WR HQVXUH HTXLOLEULXP EHWZHHQ WKH VHULHV RU SDUDOOHO
FRQQHFWHG FRQYHUWHUV >@ ,Q WKLV VHFWLRQ GHFHQWUDOLVHG SRZHU
VKDULQJ WHFKQLTXHV DUH LPSOHPHQWHG LQ SDUDOOHO ZLWK WKH RYHUDOO
YROWDJH DQG FXUUHQW FRQWURO LH PRGXOHOHYHO FRQWURO ZRUNV
VHSDUDWHO\EXWDORQJVLGH WKHRYHUDOO$&DQG'&FRQWURO VFKHPHV
7R HQVXUH WKDW WKH RYHUDOO FRQWURO ZKLFK LV UHVSRQVLEOH IRU
FRQWUROOLQJWKHRXWSXWWRWDOYROWDJHVDQGFXUUHQWVLVQRWDIIHFWHGE\
PRGXOHOHYHO FRQWURO VFKHPHV WKH ODWWHU VKRXOG EH IDVW DQG KDYH
KLJKEDQGZLGWKZLWKUHVSHFWWRWKHPDLQRYHUDOOFRQWUROOHUV
 ,326 '&'& FRQYHUWHU FRQWUROOHU &RQVLGHULQJ WKH ILUVW
'&'&FRQYHUWHUFOXVWHURISKDVHDDVDFDVHVWXG\VHH)LJDLW
LVQHFHVVDU\WRHQVXUHWKDWHLWKHUWKHYROWDJHVYRBDBYRBDB«
YRBDBQGFRU WKHFXUUHQWV LLQGFBDB LLQGFBDB« LLQGFBDBQGF DUH
HYHQO\ VKDUHG ,W LV ZHOO NQRZQ WKDW IRU LQSXW±SDUDOOHO FRQQHFWHG
V\VWHPVLQSXWFXUUHQWVKDULQJ,&6EHWZHHQWKHGLIIHUHQWPRGXOHV
VDWLVILHVRXWSXWYROWDJHVKDULQJ296DQGYLFHYHUVD
+RZHYHU LW LV UHSRUWHG LQ >@ WKDW 296 FDQQRW EH VWDEOH IRU
WKLV FRQILJXUDWLRQ ,Q WKLV ZRUN ,&6 LV DFKLHYHG XVLQJ
GHFHQWUDOLVHG GURRS FRQWUROOHUV ZKHUH WKH LQGLYLGXDO RXWSXW





RXWSXW YROWDJHV RI WKH PRGXOHV YRBDB YRBDB « YRBDBQGF
7DNLQJPRGXOHDVDQH[DPSOH WKHUHIHUHQFHYROWDJH9UHIBDB LV
FDOFXODWHGIURPWKHDFWXDOWRWDOYROWDJH9GF
,W LV LPSRUWDQW WR KLJKOLJKW WKH UHODWLRQVKLS EHWZHHQ WKH GXW\
UDWLRRIWKH'&'&PRGXOHVDQGWKHLUFXUUHQWVDQGYROWDJHV8QGHU
VWHDG\VWDWH FRQGLWLRQV WKH UHODWLRQVKLS EHWZHHQ WKH RXWSXW DQG
LQSXWYROWDJHVDQGFXUUHQWVFDQEHZULWWHQDV
vo_a1_1 = f (da1_1)vm_a1
vo_a1_2 = f (da1_2)vm_a1
⋮
vo_a1_ndc = f (da1_ndc)vm_a1

)RU '$% FLUFXLWV IGDBL LV DQ LQFUHDVLQJ IXQFWLRQ RI GDBL
)URPWKHSRZHUEDODQFHHTXDWLRQV
iindc_a1_1 = f (da1_1)Idc
iindc_a1_2 = f (da1_2)Idc
⋮










∑ j = 1
ndc f (da1_ j)Idc
=
f (da1_k)




OHDGV WR DQ LQFUHDVH LQ LWV LQSXW FXUUHQW ,Q RWKHU ZRUGV WKH
LQGLYLGXDO LQSXW FXUUHQW LLQGFBDBN DQG LQGLYLGXDO RXWSXW YROWDJH
YRBDBNDUHPRQRWRQRXVLQFUHDVLQJIXQFWLRQVRIWKHGXW\UDWLRGDBN
$VGHSLFWHGLQ)LJD WKHGXW\UDWLRRI0RGBDB LVFRPSRVHGRI
WZR SDUWV QDPHO\ G DQG GVKDB G LV FRPPRQ IRU DOO GLIIHUHQW
PRGXOHVDQGJHQHUDWHGIURPWKHRYHUDOOFHQWUDOFRQWUROOHUZKHUHDV
GVKDBLVJHQHUDWHGIURPWKH,326VKDULQJFRQWUROOHUIRU0RGBDB
$VVXPHWKDWDOO WKHFRQYHUWHUVKDYH WKHVDPHSDUDPHWHUVDQG WKDW
0RGBDB LV RSHUDWLQJ DW WKH HTXLOLEULXP SRLQW µ2¶ DV VKRZQ LQ
)LJ E 7KH PRGXOH RXWSXW YROWDJH YRBDB WKHQ LQFUHDVHV DV WKH
UHVXOWRIDSHUWXUEDWLRQ'XHWRRXWSXWFXUUHQW,GFSDVVHVWKURXJKDOO
PRGXOHV 0RGBDB ZLOO QRZ EH GHOLYHULQJ LQFUHDVHG SRZHU
&RQVHTXHQWO\ LLQGFBDB ZLOO VWDUW WR LQFUHDVH DQG WKH RSHUDWLQJ
SRLQW PRYHV WR µ$¶ +RZHYHU WKH FRQWUROOHU ZLOO IRUFH GVKDB WR
GHFUHDVH EHFDXVH RI WKH QHJDWLYH IHHGEDFN RI WKH FRQWUROOHU DW






























2(C1r1 + C2r2)s +r1D
2(r2D






























































7KHGURRSJDLQ.G DIIHFWV WKHJUDGLHQWRI WKHGURRSFRQWUROOHU
UHJXODWLRQ FKDUDFWHULVWLF DQG KHQFH LQFUHDVLQJ LWV YDOXH FDQ
)LJ௒)UHTXHQF\GRPDLQDQDO\VLVRIRYHUDOO'&'&FRQYHUWHUV
D&ORVHGORRSSROH]HURPDSDQGRSHQORRS%RGHSORW.S(? (?DQG.L(? (?>(?(?@E&ORVHGORRSSROH]HURPDSDQGRSHQORRS%RGHSORW.L(? (?DQG.S(? (?>@F







H[DPLQDWLRQ RI WKH VSHFLILF HIIHFW RI .G RQ WKH VHQVLWLYLW\ RI WKH
VKDULQJWHFKQLTXHZLOOEHSRVWSRQHGXQWLODIXWXUHSXEOLFDWLRQ7KH
VWDELOLW\OLPLWVRIWKHFRQWUROOHUJDLQV.SBVK.LBVKDQG.GFDQEH
IRXQG XVLQJ WKH 5RXWK±+XUZLW] VWDELOLW\ FULWHULRQ RU XVLQJ WKH
0$7/$%6,62722/WRROER[)LJVKRZVWKHFORVHGORRSSROH
WUDMHFWRULHV LQ UHVSRQVH WR YDULDWLRQ RI WKH FRQWUROOHU JDLQ .SBVK
DQGZLWKGLIIHUHQWYDOXHVRI.LBVKDQG.G7KHYDOXHVDUHFKDQJHG
XQWLO WKH GHVLUHG FKDUDFWHULVWLFV RI WKH FRQWUROOHU DUH EHHQ IRXQG
7KHVH FKDUDFWHULVWLFV VKRXOG DFKLHYH WKH ORZHVW RVFLOODWLRQ VWDEOH
RSHUDWLRQDQGLQFUHDVHGEDQGZLGWKLQFRPSDULVRQZLWKWKHRYHUDOO
'&FRQWUROOHUPHQWLRQHG LQ6HFWLRQ:LWK WKLV ODUJHEDQGZLGWK
WKH '& FRQYHUWHU VKDULQJ WHFKQLTXHV VKRXOG QRW DIIHFW WKH PDLQ
RYHUDOO FRQWURO RI DFWLYH SRZHU WUDQVIHU 7KH JDLQ YDOXHV DUH
VHOHFWHG DV .SBVK(? (?.LBVK(? (? DQG.G(? (? WR SURYLGH
UHODWLYHO\VWDEOHRSHUDWLRQDQGEDQGZLGWKHTXDOWRWHQWLPHVWKDWRI
WKHRYHUDOO'&FRQWUROOHU
 ,626 $&'& FRQYHUWHU FRQWUROOHU &RQVLGHULQJ $&'&
FRQYHUWHU JURXS RI SKDVH D DV D FDVH VWXG\ WKH LQSXW YROWDJHV
YLQBD YLQBD « YLQBDQDF DQG WKH RXWSXW YROWDJHV YPBD YPBD
«YPBDQDFKDYHWREHVKDUHGHTXDOO\*HQHUDOO\IRULQSXW±SDUDOOHO
FRQQHFWHG V\VWHPV LQSXWYROWDJH VKDULQJ ,96 LV VXIILFLHQW WR
DFKLHYH296>@8QGHU VWHDG\VWDWHFRQGLWLRQV WKH UHODWLRQVKLS
EHWZHHQWKHRXWSXWDQGLQSXWYROWDJHVFDQEHZULWWHQDV
vm_a1 = f (δa1)vin_a1
vm_a2 = f (δa2)vin_a2
⋮




















OHDGV WR D GHFUHDVH LQ LWV LQSXW YROWDJH LQ UHODWLRQ WR WKH RWKHU
UHFWLILHU LQSXW YROWDJHV $V GHSLFWHG LQ )LJ F WKH GXW\ UDWLR RI
5HFBDLVFRPSRVHGRIWZRSDUWVQDPHO\įDQGįVKBDįLVFRPPRQ
IRU DOO SKDVH D UHFWLILHUV DQG JHQHUDWHG IURP WKH RYHUDOO FHQWUDO
FRQWUROOHU ZKLOH įVKBD LV JHQHUDWHG IURP WKH ,626 VKDULQJ
FRQWUROOHUIRU5HFBD
,Q WKLV UHVHDUFK ,96 FDQ EH DFKLHYHG XVLQJ WKH GHFHQWUDOLVHG
GURRS FRQWUROOHUV VKRZQ LQ )LJ F 8QOLNH WKH SUHYLRXV ,326
VKDULQJ WHFKQLTXH WKH ,626 WHFKQLTXH KDV SRVLWLYH IHHGEDFN DW
VXPPLQJ SRLQW  )LJ F LQ RUGHU WR JLYH WKH SRVLWLYH GURRS
UHJXODWLRQ FKDUDFWHULVWLFV DV VKRZQ LQ )LJ G 7KH ,96 3,
FRQWUROOHU*VKBDFVFDQEHH[SUHVVHGDV

















































DUH VHOHFWHG DV .SBVK(? (?.LBVK(? (? DQG.H(? (? WR SURYLGH
UHODWLYHO\ VWDEOH RSHUDWLRQ DQG D EDQGZLGWK HTXDO WR VHYHQ WLPHV
WKDW RI WKH RYHUDOO $& FRQWUROOHU 7KH SUHVHQWHG VKDULQJ PHWKRGV
DUH GHFRXSOHG IURP WKH SRZHU WUDQVIHU SURFHVV DQG WKH\ GR QRW
UHTXLUH FRPPXQLFDWLRQ EHWZHHQ WKH GLIIHUHQW PRGXOHV DQG
UHFWLILHUV 7KH V\VWHP PRGXODULW\ DQG IOH[LELOLW\ DUH WKHUHIRUH
LPSURYHG7KHUHJXODWLRQIHDWXUHVRIWKHVKDULQJFRQWUROOHUVDUHQRW
DIIHFWHGE\ WKHYDULDWLRQRI LQSXWDQGRXWSXWYROWDJHVRUFXUUHQWV
7KH VKDULQJ FRQWUROOHUV FDQ DFKLHYH ,96 DQG ,&6 RI WKH $&'&
UHFWLILHUVDQG'&'&PRGXOHVGXULQJWUDQVLHQWVDQGXQGHUVWHDG\
VWDWHFRQGLWLRQV
)LJV D DQG E VKRZ WKH 0$7/$% VLPXODWLRQV RI WKH VKDULQJ
WHFKQLTXH IRU RQH ,326 JURXS FRQVLVWLQJ RI IRXU RI WKH '&'&
'$%FRQYHUWHUVVKRZQLQ)LJD
$W W(? (?(팀s D SHUWXUEDWLRQ RFFXUV DQG RXWSXW YROWDJHYR
LQFUHDVHV ,W FDQ EH VHHQ WKDW WKH WRWDO RXWSXW YROWDJH ZDV QRW
VLJQLILFDQWO\ DIIHFWHG DQG WKH FRQWUROOHU VXFFHHGHG LQ UHVWRULQJ
QRUPDORSHUDWLRQ)LJVF DQGG VKRZ WKH0$7/$%VLPXODWLRQV
RI WKH VKDULQJ WHFKQLTXHV IRU RQH ,626 JURXS FRQVLVWLQJ RI IRXU
'&$& UHFWLILHUV $W W(? (?(팀s D SHUWXUEDWLRQ RFFXUV DQG RXWSXW
YROWDJH YP LQFUHDVHV 7KH FRQWUROOHU LV DEOH WR VKDUH WKH RXWSXW
YROWDJHEHWZHHQWKHGLIIHUHQWUHFWLILHUVHTXDOO\
)LJ௒&RQYHUWHUVDQGUHFWLILHUSRZHUVKDULQJ









DV VKRZQ LQ )LJ D WR YDOLGDWH WKH SUHVHQWHG FRQFHSW
PDWKHPDWLFDODQDO\VLVDQGFRQWUROVFKHPHV7KHV\VWHPSDUDPHWHUV
LQ WKLV FDVH DUH VKRZQ LQ 7DEOH  )*<160' ,*%7V KDYH
EHHQHPSOR\HG IRU WKH VHPLFRQGXFWRU VZLWFKHVZKLOH585*
GLRGHV KDYH EHHQ XVHG IRU WKH DQWLSDUDOOHO GLRGHV 'XULQJ WKH
QRUPDO RSHUDWLRQ VKRZQ LQ )LJV E DQG F SRZHU LV WUDQVIHUUHG
IURPWKHLQSXW$&VLGHWRWKHRXWSXW'&VLGHWKURXJKWKH,6,326
V\VWHP)LJELVKRZVWKDWSKDVHDFXUUHQW LLQD LV LQSKDVHZLWK
WKHLQSXW$&YROWDJHYLQD+RZHYHUWKHSRZHUIDFWRULVFRQWUROOHG
RYHUWKHIXOOUDQJHDFFRUGLQJWRWKHRSHUDWLRQ)LJELLVKRZVWKH
RXWSXW YROWDJHV RI WKH UHFWLILHUV $V VKRZQ WKHVH YROWDJHV KDYH
RVFLOODWLQJ FRPSRQHQWV EHVLGH WKH GHVLUHG '& FRPSRQHQWV
+RZHYHU DV ORQJ DV WKHVH FRPSRQHQWV DUH VPDOO WKH\ ZLOO QRW
DIIHFW WKH QRUPDO RSHUDWLRQ RI WKH V\VWHP DV WKH UHFWLILHU YROWDJH
)LJ௒9DULDWLRQRI,326'&FRQYHUWHUFORVHGORRSSROHVZLWKFRQWUROOHUSURSRUWLRQDOJDLQ.SBVK










ZLOO EH FRQYHUWHG XVLQJ WKH QH[W VWDJH ,326 JURXSV )LJ FL





LQ WKLV FDVH 7KH UHVXOWV FDQ EH FRPSDUHG ZLWK WKH 0$7/$%
VLPXODWLRQV LQ)LJ)LJG VKRZV WKH UHVXOWVZKHQDQ LQWHQGHG
XQEDODQFHRFFXUVDWWLPHLQVWDQWµWX¶LQWKHILUVWPRGXOHRIWKH,326
'&'&FRQYHUWHU LQSKDVHD ,Q)LJGL WKHRXWSXWYROWDJHVRI
WKH'&'&PRGXOHVZHUHIRUFHGEDFNWRWKHHTXLOLEULXPRSHUDWLQJ
SRLQW DJDLQ DIWHU D YHU\ VKRUW GXUDWLRQ E\ WKH VKDULQJ FRQWUROOHUV
)LJGLLVKRZVWKDWWKHWRWDORXWSXWRIWKH'&'&JURXSRISKDVH
µD¶ KDV QRW EHHQ VLJQLILFDQWO\ DIIHFWHG E\ WKH VXGGHQ XQEDODQFH
)LJ GLLL VKRZV WKDW WKH RXWSXW YROWDJHV RI WKH ,626 $&'&
UHFWLILHUV LQ SKDVH D KDYH EHHQ UHVWRUHG WR WKHLU GHVLUHG HTXDO
VKDULQJYDOXHVVKRUWO\DIWHUWKHVXGGHQXQEDODQFH
௑&RQFOXVLRQ
,Q WKLV SDSHU FRQWURO VFKHPHV VXLWDEOH IRU D PRGXODU ,6,326
$&'& HQHUJ\ FRQYHUVLRQ V\VWHP DUH SUHVHQWHG DQG DQDO\VHG
,6,326 $&'& FRQYHUWHUV DUH FRQVLGHUHG DV SURPLVLQJ VROXWLRQV
IRU PHGLXPYROWDJH KLJKSRZHU ZLQG HQHUJ\ DSSOLFDWLRQV
+RZHYHU EHFDXVH RI WKHLU PRGXODULW\ WKH\ FDQ EH H[WHQGHG WR
RWKHU DSSOLFDWLRQV VXFK DV KLJKYROWDJH KLJKSRZHU DSSOLFDWLRQV




,Q WKH RYHUDOO $&'& FRQYHUWHU FRQWURO WKH VHULHV FRQQHFWHG
$&'& UHFWLILHUV RI WKH LQSXW±SDUDOOHO RXWSXWVHULHV FRQQHFWHG
PRGXOHV DUH YLHZHG DV HTXLYDOHQW $&'& DQG '&'& PRGXOHV
DQGWKHPLVPDWFKHVEHWZHHQWKHV\VWHPSDUDPHWHUVDUHQHJOHFWHG
7KH GXW\ UDWLRV RI WKH GLIIHUHQW PRGXOHV DUH IHG IURP FHQWUDO
FRQWUROOHUV ,Q WKH PRGXOHOHYHO FRQWUROOHUV HDFK PRGXOH KDV LWV
RZQFRQWUROOHUWRFDWHUIRUVPDOOPLVPDWFKHVEHWZHHQWKHGLIIHUHQW
SDUDPHWHUV DQG WR HQVXUH HTXDO YROWDJH DQG FXUUHQW VKDULQJ
EHWZHHQWKHSRZHUFRQYHUWHUV6\VWHPOHYHO0$7/$%VLPXODWLRQV
























SUHVHQWHG PDWKHPDWLFDO DQDO\VLV DQG VLPXODWLRQ UHVXOWV XVLQJ D (?






>@ (:($ $VVRFLDWLRQ µ:LQG LQ SRZHU  VWDWLVWLFV¶ $YDLODEOH DW KWWS
ZZZHZHDRUJILOHDGPLQILOHVOLEUDU\SXEOLFDWLRQVVWDWLVWLFV(:($$QQXDO
6WDWLVWLFVSGI
>@ :X % :X / =DUJDUL 1 HW DO µ3RZHU FRQYHUVLRQ DQG FRQWURO RI ZLQG
HQHUJ\V\VWHPV¶:LOH\
>@ %DUUHQHW[HD 0 %DUDLD , $GDP *3 HW DO µ$QDO\VLV FRPSDULVRQ DQG
VHOHFWLRQ RI '&±'& FRQYHUWHUV IRU D QRYHO PRGXODU HQHUJ\ FRQYHUVLRQ
VFKHPHIRU'&RIIVKRUHZLQGIDUPV¶(852&21
>@ $%% µ+9'& /LJKW ,W
V WLPH WR FRQQHFW¶ $YDLODEOH DW KWWSV
OLEUDU\HDEEFRPSXEOLFEGEEEIFEH
3RZ5/5SGI
>@ =XELDJD 0 $EDG * %DUUHQD -$ HW DO µ(QHUJ\ WUDQVPLVVLRQ DQG JULG
LQWHJUDWLRQRI$&RIIVKRUHZLQGIDUPV,Q7HFK¶







SODQWV ZLWKRXW SODWIRUP¶ 3UHVHQWHG DW WKH WK :LQG ,QWHJUDWLRQ :RUNVKRS
%HUOLQ











IRURIIVKRUHZLQGFROOHFWLRQJULG¶ ,(75HQHZ3RZHU*HQHU  
SS±
>@ &KHQ:+XDQJ$4/L&HWDO µ$QDO\VLVDQGFRPSDULVRQRIPHGLXP
YROWDJH KLJK SRZHU '&'& FRQYHUWHUV IRU RIIVKRUH ZLQG HQHUJ\ V\VWHPV¶
,(((7UDQV3RZHU(OHFWURQSS±
>@ $ERXVKDG\ $$ µ'HVLJQ DQDO\VLV DQG PRGHOOLQJ RI PRGXODU PHGLXP
YROWDJH '&'& FRQYHUWHU EDVHG V\VWHPV¶ 3K' WKHVLV 8QLYHUVLW\ RI
6WUDWKFO\GH*ODVJRZ










UHVRQDQW FRQYHUWHU ZLWK SKDVHVKLIW FRQWURO¶ ,((( 7UDQV 3RZHU (OHFWURQ
SS±
>@ %KDW $ µ)L[HGIUHTXHQF\ 3:0 VHULHVSDUDOOHO UHVRQDQW FRQYHUWHU¶ ,(((
7UDQV,QG$SSOSS±
>@ =KDR%6RQJ4/LX:HWDO µ2YHUYLHZRIGXDODFWLYHEULGJH LVRODWHG
ELGLUHFWLRQDO '&±'& FRQYHUWHU IRU KLJKIUHTXHQF\OLQN SRZHUFRQYHUVLRQ
V\VWHP¶,(((7UDQV3RZHU(OHFWURQSS±
>@ *LUL 5 &KRXGKDU\ 9 $\\DQDU 5 HW DO µ&RPPRQGXW\UDWLR FRQWURO RI
LQSXWVHULHV FRQQHFWHG PRGXODU GF±GF FRQYHUWHUV ZLWK DFWLYH LQSXW YROWDJH








>@ 0HDVH .' 7RSFX 8 µ7ZRWLPHVFDOH QRQOLQHDU G\QDPLFV DQG VORZ
PDQLIROG GHWHUPLQDWLRQ¶ 3UHVHQWHG DW WKH $,$$ *XLGDQFH 1DYLJDWLRQ DQG




>@ 'DUZLVK $ 0DVVRXG $ +ROOLGD\ ' HW DO µ6LQJOHVWDJH WKUHHSKDVH























































































































[(1 − 2D) − nV1])
































(t − Dts) +
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2 f sL
[V2 − n(1 − 2D)V1])
Dts
























































































































































































































































2(C1r1 + C2r2)s +r1D
2(r2D

















2(C1r1 + C2r2)s +r1D
2(r2D















2(C1r1 + C2r2)s +r1D
2(r2D






















2(C1r1 + C2r2)s +r1D
2(r2D

















2(C1r1 + C2r2)s +r1D
2(r2D


















2(C1r1 + C2r2)s +r1D
2(r2D















2(C1r1 + C2r2)s +r1D
2(r2D
2 − 2r2D +r2) + L
2fs
2)
F
 ,(73RZHU(OHFWURQ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\
Gac(s) =
v
~
oc
δ
~ =
G14
G14(1 + CoLins
2) + Lins
V in 
,(73RZHU(OHFWURQ
7KLVLVDQRSHQDFFHVVDUWLFOHSXEOLVKHGE\WKH,(7XQGHUWKH&UHDWLYH&RPPRQV$WWULEXWLRQ/LFHQVH
KWWSFUHDWLYHFRPPRQVRUJOLFHQVHVE\

